The endemic New Zealand alpine stick insect Micrarchus nov. sp. 2 regularly experiences sub--zero 22 temperatures in the wild. 454--based RNA--Seq was used to generate a de novo transcriptome and 23 differentiate between treatments to investigate the genetic basis of cold tolerance. Non cold--treated 24 individuals were compared to those exposed to 0 ⁰C for 1 h followed by a 1 h recovery period at 20 ⁰C. 25
8
The complete de novo transcriptome was annotated (with an E--value < 1 --10 ) using three approaches: (1) 245
BLASTn against the non redundant (nr) protein database identified 2,630 (50 %) contigs, (2) BLASTx 246 against nr database identified 2,060 (39 %) contigs and (3) BLASTx against the SwissProt database 247 identified 1,991 (38 %) contigs. All contigs are subsequently referred to by their top BLAST match. 248 Nineteen of the 20 most commonly hit species for the lowest E--value BLASTx match against the nr 249 database (Figure 1) were insects, apart from Daphnia pulex. In spite of polyA selection during cDNA 250 library preparation, a substantial number of rRNA sequences remained (17--22% of reads from each 251 sample were identified as 18S and 28S rRNA). 252 253
Expression analysis 254
Relative mRNA abundances were compared between cold--exposed (1 h at 0 °C followed by 1 h at 20 ⁰C) 255 and control (kept at 20 ⁰C throughout) individuals to identify differentially--expressed candidate cold--256 responsive genes. Using edgeR with common dispersion two down--regulated contigs were detected 257 (adjusted P--value of < 0.05) during recovery from cold--shock. The other tests did not reveal any further 258 candidates with the limited biological replication (n = 2) resulting in high false discovery rates. A 259 relaxation of the stringency to uncorrected P--value was permitted as qPCR should identify any false 260 positives. Using edgeR with common dispersion 168 contigs were identified as differentially expressed 261 (94 up, 74 down, P--value < 0.05) (Figure 2 ). The edgeR with tagwise dispersion analysis identified 106 262 differentially expressed contigs (56 up, 50 down, P--value < 0.05). DESeq identified 10 differentially 263 expressed contigs (7 up, 3 down, P--value < 0.05). The baySeq analyses identified 2 up--regulated contigs 264 (likelihood > 0.80). A full list of all significant differentially regulated genes can be found in 265
Supplementary material C. 266
Up--regulated contigs during recovery from cold--shock were ranked by P--value, with the top four from 267 each of the five analyses shown in Table 2 (n = 11 due to redundancy between results). No common 268 contig was identified by the five approaches, but staphylococcal nuclease domain--containing protein 1 269 (snd1) was in the top four differentially expressed contigs for at least one of the analyses in the three R 270 packages implemented (edgeR, DESeq and baySeq). 271 272 3.3 qPCR verification 273 value = 0.0469). None of the eight cold--responsive genes (Table 3 ) selected a priori from the literature 279 were significantly differentially expressed (Figure 3) . 280 281
Discussion 282 283
This study exploits recent developments in HTS and de novo transcriptomics to investigate the genetic 284 basis of cold tolerance in an alpine New Zealand stick insect. This is the first study to apply RNA--Seq 285 specifically to cold--hardy insects and their response to mild cold exposure. No prior assumption or 286 genomic information was required to discover three novel cold--responsive genes. 287
We identified three robust candidate genes that are up--regulated in response to a mild cold shock in 288
Micrarchus nov. sp. 2. These genes are snd1, and are associated with 289 transcription, amino acid metabolism and cuticular organisation, respectively. As such, these new 290 candidates differ in function from those identified in other insect species. The low number of genes 291 identified in our study may be due to the response by gene expression response to cold being slow, 292 although in Drosophila the window of acute gene expression response to cold--shock starts to decline 293 after three hours (Sinclair et al., 2007) . We note that few genes with acute responses to cold exposure 294 have been identified in Drosophila (Qin et al., 2005) , and that longer recovery leads to the up--regulation 295 of different gene sets in that species (Zhang et al., 2011) . The limited biological replication (n = 2) for 296 the RNA--Seq and differential expression analysis likely led to a high false discovery rate. However, the 297 conservative two--tier approach of RNA--Seq coupled with subsequent qPCR validation corrects for Type 298 1 error and allows confidence in the three cold--responsive genes we identified. However, it is likely 299 that with further power and a wider range of treatment and recovery conditions, it will be possible to 300 identify additional cold--responsive genes in this species. 301
No orthologues selected a priori from the literature showed differential expression in response to cold 302 exposure in Micrarchus nov. sp. 2. However, because of the small number of transcriptomic studies 303 outside of Diptera, coupled with few studies using cold--hardy species, we are unable to determine 304 whether this difference is because hemimetabolous insects and Diptera have different responses to 305 cold, or due to 0 ⁰C being a relatively mild cold stress for an alpine insect. Data loggers (A.B. Dennis & 306 T.R. Buckley, unpublished observations) indicate that temperatures in the microhabitat are quite stable 307 near 0 °C beneath snow pack and that (even in the summer) 0 °C is a temperature experienced during a 308 cold night, suggesting that 0 °C is ecologically--relevant for this species. We are also unable to 309 determine whether the observed changes indicate a repair response to damage, or a preparatory 310 response associated with acclimation to cold. As the RNA--Seq approach becomes more widely 311 adopted, it will be possible to compare cold responses in a phylogenetic context, helping to address 312 some of these questions. 313 314
Cold--responsive genes 315
The snd1 gene encodes a complex, six--domain, multifunctional protein with many biological functions 316 (Ying and Chen, 2012; Sundstrom et al., 2009) . Snd1 is cleaved by caspase--3--like enzymes in apoptosis 317 (Sundstrom et al., 2009) . Rapid cold--hardening in Drosophila reduces apoptosis and lowers caspase--3--318 like protein levels (Yi et al., 2007) , and we speculate that elevated expression of snd1 in cold--shocked 319
Micrarchus nov. sp. 2 may be associated with this process. In other organisms the snd1 protein is also 320 associated with the accumulation of mRNA into stress granules (Gao et al., 2010; Weissbach and 321 Scadden, 2012) and the cleavage of double--stranded RNA (Caudy et al., 2003) . Thus, it is possible that 322 snd1 expression is part of a general stress response in Micrarchus nov. sp. 2, rather than being 323 specifically cold--related. Further experiments monitoring the response of Micrarchus nov. sp. 2 to other 324 abiotic stresses could identify if up--regulation of snd1 is cold--specific. 325
PAHA1 encodes an oxidoreductase enzyme catalysing the hydroxylation of proline to hydroxyproline 326 during the maturation of collagen, and possibly other proteins (Mann et al., 1996; Shoulders and 327 Raines, 2009; Gorres and Raines, 2010) . The PAHA1 enzyme also modifies proline residues of incorrectly 328 folded collagen after stress in human cells (Vonk et al., 2010) . Thus, increased expression of the PAHA1 329 gene in Micrarchus nov. sp. 2 might be associated with stabilisation or the refolding of proteins that 330 were denatured by the cold--shock treatment, or to stabilise structural peptides in anticipation of future 331 cold exposures. 332
The final robust candidate we identified was Cpap3--d2, which has been previously identified in genome 333 sequences of Tribolium castaneum, Nasonia vitipennis and Acyrthosiphon pisum (Jasrapuria et al., 334 2010) . Cpap3--d2 is associated with the epidermal cuticle of T. castaneum, and different Cpap 335 transcripts appear to affect the rigidity of the cuticle in the elytra and hindwings (Jasrapuria et al., 2010; 336 Dittmer et al., 2011) . Increased expression of cuticular proteins has been recorded in cold--shocked and 337 diapausing D. melanogaster (Qin et al., 2005, Baker and Russell, 2009) , after cold exposure in Aphidius 338 colemani (Colinet et al. 2007 ) and in overwintering Cucujus clavipes puniceus larvae (Carrasco et al., 339 2011) . The changes in the expression of cuticular proteins with cold shock are currently unexplained, 340 and we suggest that establishing how the cuticle structure is modified by cold shock, whether Cpap3--d2 341 is responsible for these changes, and how this contributes to overall cold tolerance maybe profitable 342 avenues for future research. 343 344
Conclusion 345
specifically address the response of a cold--hardy insect species to low temperature. This method clearly 349 offers promise for future studies of cold tolerance in non--model organisms. In the current study Seq was a more successful approach than screening for a priori genes from other species. Mann, K., Mechling, D.E., Bächinger, H.P., Eckerskorn, C., Gaill, F. and Timpl, R. 1996 transcriptome between non cold--treated Individuals and those exposed to 0 ⁰C for one hour, with a 515 further hour recovery (n = 2). Differential expression analysis was performed with an exact test 516 approach using edgeR with common dispersion. Grey points = contigs with P--value > 0.05, black points 517 = contigs with P--value <0.05. Shaded boxes represent areas with a significant P--value and at least a two--518 fold change in mRNA abundance as a result of treatment. Contigs where expression is not recorded in 519 one of the treatments, resulting in an infinite fold change, are not plotted. The three contigs verified as 520 differentially expressed using qPCR are labelled: prolyl 4--hydroxylase subunit alpha--1 (P4HA1),524
Figure 3: Boxplots showing relative mRNA abundance from qPCR for each gene between non cold--525 treated (white box plots) Micrarchus nov. sp. 2 individuals and those exposed to 0 ⁰C for one hour, with 526 a further hour recovery (grey box plot) (n = 3). Boxplot pairs on a grey background represent the 527 reference genes used for normalisation of abundances between treatments. Boxplots on white 528 background in top panel depict differentially expressed genes identified from RNA--Seq data ( Table 2) . 529
Boxplots on white background in bottom panel shows a priori genes identified in previous studies 530 ( Table 2 : Differential expression analysis results for the top ranked up--regulated genes in response to 542 cold--shock from Micrarchus nov. sp. 2 RNA--Seq data. The relative mRNA abundances between 543 individuals exposed to 0 ⁰C for one hour, with a further hour recovery, were compared to non cold--544 treated individuals (n = 2). Contigs were ranked by P--value/Likelihood depending on which analysis was 545 used, boxes shaded grey are non--significant results. Three exact test approaches (edgeR with common 546 dispersion, edgeR with tagwise dispersion and DESeq) and two Bayesian methods (baySeq with and 547 without contig length) were performed. All top four ranked contigs for each analysis shown were 548 selected for validation using qPCR (n = 11 due to redundancy between results). tolerance. All genes/proteins were shown to be up--regulated in response to low temperature except for 562 glna2 (gene product up--regulated) and pgi (genotype, not regulation, affects cold stress resistance). 563 564 * = are genes from species that are not insects. These genes were selected for qPCR analysis as they were also in the top 10 % 565 of up--regulated contigs in the RNA--Seq data (ranked by P--value from the edgeR with tagwise dispersion) 566 567 ---NA--- ---NA--- ---NA--- egln3_human ame: full=egl nine homolog 3 ame: full=hph-1 ame: full=hypoxia-inducible factor prolyl hydroxylase 3 short=hif-ph3 short=hif-prolyl hydroxylase 3 short=hph-3 ame: full=prolyl hydroxylase domain-containing protein 3 short=phd3 cdsa_drome ame: full=phosphatidate photoreceptor-specific ame: full=cdp-dag synthase ame: full=cdp-dg synthase ame: full=cdp-diacylglycerol synthase short=cds ame: full=cdp-diglyceride pyrophosphorylase ame: full=cdp-diglyceride synthase ame: full=ctp:phosphatidate cytidylyltransferase ---NA--- ---NA--- 
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